Abstract. This paper describes the design and construction of a new series of power converters equipped with liquid cooling system. This power series is created for project ENET -Energy Units for Utilization of non Traditional Energy Sources. First power converter is determined for stationary battery system use, the second one is used as an inverter/rectifier for a small solar plant system and the last power inverter is used as a fast charger for electric vehicles. Energy balance is performed for the fast charger converter, which is solved using numerical simulations of the system.
Introduction
The present energetic development is oriented into the considerable incorporation of alternative and renewable energy sources into the standard electrical grids in an effort to build very efficient, economic and reliable smart grids. This approach produces a series of technical problems, which have to be solved. One of the most actual ones is the electric energy accumulation. The solar plant systems and especially the fast charger stations for electric vehicles and many other applications are the typical examples, which will be discussed further.
To satisfy an efficient and economic functioning of such station, the energy surplus has to be stored into the batteries and extracted back when necessary. It is also necessary to ensure sufficient battery power for fast charging of the electric vehicle's traction batteries. These power converters are needed to provide an efficient and reliable energetic power flow between the accumulation units and others devices. All of them are gradually created prototypes and will be introduced one by one in the following chapters of this paper.
Reversible Voltage Inverter
The energy storage system for which it is necessary to create a 3-phase voltage inverter with the two-way flow of energy arises in the project ENET. This inverter has several important functions in relation to the electrical grid. The most important of these are the link between energy storage batteries and electrical grid, correction element of the electrical grid, backup power mode for the position in the island mode seized power operation and a few other less important functions. Due to the required converter's functions and inclusion in the traction which is linked with the specified output type, the inverter power output is preset to about 70 kW. The proposal indicates that the expected converter power losses will be in the order of several kilowatts. Voltage level on the DC side varies from 380 to 450 V. On the electrical grid side, the converter is connected to the 230 V mains. Therefore, the converter's nominal output current is 180 A.
Brief look on the power circuit of the converter indicates that it is a simple 3-phase unit consisted of IGBT modules. These modules are connected via/to the system bus. The DC circuit capacitor bank is included. The capacitors are designed for rapid exchange of energy necessary for the proper function of the converter. Due to power losses mentioned above would not be ap-propriate to use an air cooling system, therefore the liquid cooling system is used instead [2] , [7] . The converter is controlled by a control system which was directly invented for a series of these converters utilizing the digital signal processor TMS 320F28335. This control system includes several signal inputs for real-time circuit measurements. Furthermore, the 12 PWM channels and analog outputs are used for service purposes [5] .
3.
Power Inverter for Solar Power Plants
Nowadays, there are lots of solar power plants with inefficient time-average power operation, which brings the idea of surplus energy accumulation. Realization of this idea requires the storage system with energy storage capacity of about hundreds of kVA. Such a system can be situated in a shipping container which is easy to install in the desired location and would include a set of batteries for the accumulation of electrical energy surplus and support equipment for the operation of the system.
For the function of the storage system is necessary to use the power converter enabling transformation of AC power to DC for battery charging, and vice versa for converting DC power to AC to supply the energy to the electrical grid. This converter is placed between the electrical grid and the battery pack, see Fig. 3 .
The inverter is designed as the AC connection between electrical grid and the storage batteries. When there is an energy surplus in the electrical grid, the energy produced by the solar power plant will be stored in battery storage. Conversely, in a time when solar power does not produce electricity or produces very little and in the grid is a requirement for power delivery, the energy is pumped from a storage battery to the grid. These particular modes of operation place demand on a 3-phase pulse rectifier and a 3-phase pulse inverter. The topology of these converters enables utilization of the same equipment which can work both as rectifier or inverter [8] .
Power converter will be operated on the AC power supply with the parameters of 3× 400 V/50 Hz, and storage batteries with a capacity of 600 kVA. Due to the optimal utilization of the inverter the nominal output power is 60 kW. The connected battery will have a nominal voltage of 800 V which at fully charged state gives approximately 1000 V. This value has to be therefore rated for the maximal inverter voltage. The inverter will be operated in a closed air-conditioned container. To ensure an adequate dissipation of heat generated during operation of the inverter, there will be also used a liquid cooling system. The inverter is designed as a 3-phase bridge converter. DC converter circuit is equipped with a capacitor bank made up of DC link capacitors in cylindrical cases. The 3-phase bridge is assembled from insulated IGBT modules.
Fast Charger for Electric Vehicles
Present days are a field of growing electromobility. For its further development is necessary to build a network of charging stations. The ENET project thus develops fast charging stations for electric vehicles. The concept of this converter is very similar to the previous one, but this time it is a three-arm DC buck converter. Power level of this converter is preset to 70 kW. This performance is chosen to maximize the possibility of batteries charging for electric vehicles. The input voltage of this inverter is about of 800 V DC. The charged battery voltage must always be lower than the source voltage. The capacitor bank volume/capacity is reduced, in comparison with the previous converter [3] , [4] . The insulated IGBT modules are used again as switching components in the fast charger. The current and voltage sensors are distributed in the power circuit providing feedback for the PI controllers. The control algorithms are provided by the control system equipped with a digital signal processor TMS 320F28335, which was developed on the Department of Electronics [6] .
Efficient Fast Charger Structure
The DC Buck converter for charging of electric vehicles is one of the important parts of our development. Therefore, we started a detailed solution of partial tasks towards its realization. One of the tasks is the selection of the specific structure of such inverter. Another one is to calculate and verify the power losses in the mathematical simulation. These tasks are presented in this article. Among other tasks is the design of control systems and their algorithms. The correctness of design and proper function of the converter are partially guaranteed by results of performed simulations and they will be definitively verified after converter's realization. The converter will be incorporated into the power structure arising in the ENET project.
Charging efficiency is very important factor in the possibility of wider application. From an economic point of view it is necessary to transfer the energy to the battery with the lowest possible losses. In technical terms the losses cause other issues that need to be reflected in the charging station design. However, there are always power losses, so there is a need to identify and ensure the use of proper cooling equipment [1] .
Losses in the structure of the converter were determined under the following conditions. For the singlearm converter they were calculated for half duty cycle, current of 200 A and switching period of 0,12 ms. For the three-arm converter they were therefore calculated for 66 A current flowing through each branch. IGBT module parameters were taken from the datasheet. Losses were determined from the following formulas.
Conduction losses of the IGBTs were calculated using the following formula:
where v CE0 is the collector-emitter threshold voltage, r C is the on-state slope resistance of the IGBT and i C is the collector current. Conduction losses of the diode were calculated using the following formula:
where v D0 is the threshold voltage of the diode, r D is the on-state slope resistance of the diode and i D is the diode forward current. Switching losses of the IGBT were calculated using the following formula:
where E onT is the energy dissipation during the turnon, E of f T is the energy dissipation during turn-off and f sw is the switching frequency. Switching losses of the diode were calculated using the following formula:
where E onD is the energy dissipation during the turnon of the diode.
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where R L is the effective reactor resistance and i L is the reactor current. Total power dissipation is calculated using the following formula:
where P is the sum of all individual power losses.
For appropriate distribution of power dissipation and a wider range of control, three-arm buck converter has been elected. Calculated total power losses for threearm converter are nearly the same as for the single-arm converter. The conduction losses are significantly lower for the three-arm variant. Switching power losses are higher in the three-arm conception and reactor losses in the three-arm case are more than three times lower. Summary of obtained values is given in the Tab. 1. For the purpose of verification of the calculated results was necessary to create a simulation model, which was created in the environment of Matlab-Simulink, where are utilized precise mathematical models of main elements forming the system. The models of lithiumion batteries are used as the source and load of the simulation system. The source battery is set according to the expected real parameters, i.e. the rated voltage is 800 V and the capacity is 100 Ah. Load battery is set to the voltage of 400 V, with capacity of 100 Ah.
Real batteries in electric vehicle mostly have a smaller capacity. The converter model is created according to the real design. Three-arm buck converter is assembled from three double IGBT modules. Other properties of the circuit are also set according to the parameters of real elements identified from the datasheets or measurements.
The simplified simulation model is shown on the Fig. 7 , where power losses are measured in the transducer structure. The primary battery on the left is working as a source while the secondary on the right represents the load. There is also used a capacitor bank to cover the energy flow in fast switching modes. The middle block constitutes the three-arm DC buck converter where the inductors are placed to combine the energy from converter arms. Blocks called observations determine the requested parameters of the circuit.
Due to higher computational complexity, this simulation was carried out for 100 seconds with constant charging current 200 A. Initial conditions for the batteries were defined before the start of the simulation in the following way: the source battery was fully charged (SoC = 100 %) and the load battery was deeply discharged (SoC = 20 %). Tab. 2 shows the battery levels after the end of the simulation. From the obtained results was determined the power dissipation of fast charging unit. The value of power dissipation was calculated to 653 W. Given the value of the transmitted power, the efficiency is very high and reaches 99 %. These values show better results than when determining the losses by mathematical method.
Conclusion
This paper presents the design and construction of liquid cooled series of power converters for renewable energy plants or smart grid systems targeted on the electric energy accumulation. The reversible voltage inverter is fully operational in these days and the future work will be focused on the control algorithms optimization in order to enhance the efficiency of the inverter. The power converter for solar plans and the fast charging unit were fully designed and their manufacturing documentation was created. The future work will be focused on the realization of prototypes and following tests. There will also be a measurement of actual power losses and the consequent total efficiency on the real fast-charging station, which is now being built.
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